Abstract: Ourobjectivesinthisstudyaretoquantifythedischargerateofuranium (U) to the Columbia River from the Hanford Site's 300 Area, and to follow that U downrivertoconstrainitsfate.UraniumfromtheHanfordSitehasvariable isotopic composition due to nuclear industrial processes carried out at the site. This characteristic makes it possible to use high-precision isotopic measurements of U in environmental samples to identify even trace levels of contaminant U, determine its sources, and estimate discharge rates. Our data on river water samples indicate that as much as 3.2 kg/day can enter the Columbia River from the 300 Area, which is only a small fraction of the total load of dissolved natural background U carried by the Columbia River. This very low-level of Hanford derived U can be discerned, despite dilution to <1% of natural background U, 400 km downstream from the Hanford Site. These results indicate that isotopic methods can
Introduction
The Columbia River, with a drainage area of 7.24 x10 3 km 2 (US and Canada), has the greatest discharge volume of any river west of the continental divide and of any river draining into the eastern Pacific Ocean (1) . It represents an important resource to the Pacific Northwest, including spawning grounds for Pacific salmon, sources of municipal and irrigation water, and as a major source of hydroelectric power representing in aggregate the largest system in the US. The Hanford Site, south central Washington, is located on the Columbia River and was selected in December 1942 as the site for Pu production for the Manhattan Project, in large part due to the ready availability of power from the newly operational Grand Coulee Dam, and abundant water for nuclear reactor cooling and fuel processing (2) . From the WWII-era through the end of Pu production in 1987, over 100,000 metric tons of uranium were processed through the nuclear reactors and chemical Pu separation processes (3) . The Hanford reach of the Columbia River is the only unimpounded section in the U.S. of the Columbia River (above Bonneville Dam) and is an important spawning habitat for fall Chinook salmon (Oncorhynchus tshawytscha) (4, 5) . Decades of past nuclear related activities have left significant local contamination (e.g. nitrate, U, tritium, Cr 6+ , 99 Tc) in the vadose zone and groundwater within the Hanford Site. Some of this contamination has reached the Columbia River, and there remains the potential for further contaminant migration to the river.
One location of contamination concern is the 300 Area located in the SE corner of the Hanford Site (Figure 1) , and situated along ~2 km of Columbia River shore. There, U fuel rods for Hanford's nuclear reactors were manufactured, along with research and development of chemical processes and testing of materials in several small nuclear reactors (6) . Process and research operations were performed on a wide range of materials including non-irradiated and irradiated natural-abundance and enriched U fuels, and depleted U (7) . Waste disposal facilities in the northern section of the 300 Area included seepage ponds (used 1943-1975) and trenches (used 1975-1994) , as close as 100 m from the river shore. The disposal of basic and acidic wastes containing a cumulative total of an estimated 38 to 58 metric tons of U, along with greater amounts of Cu, F, Al, and nitrate (8) has resulted in vadose zone and groundwater contamination (Figure 2) .
As part of a remediation plan for the 300 Area, the former sites of the North Process
Pond (1948 -1974 ), South Process Pond (1943 -1975 and process trenches were excavated in the 1990's to remove bottom sediments heavily contaminated with U, with the expectation that the 300 Area groundwater U plume would dissipate by natural flushing to the Columbia River on a decadal time scale. Even with removal of the contaminated sediments, the 300 Area U plume has persisted, and over 2004-2006 even appeared to increase slightly in estimated U mass (9) . 300 Area groundwater U concentrations are influenced by fluctuations in river stage that drive water-table elevation near the river.
Higher U concentrations at inland wells are commonly observed when the water table is elevated, while near-shore wells show the effect of dilution by river water. Rising U concentrations may be the consequence of remobilizing uranium that is sequestered in the lower vadose zone beneath the former waste disposal sites (9) (10) (11) (12) .
Currently, routine monitoring of U documents concentrations in the Columbia River, but provides limited constraint as to the source and discharge rate of any U. Uranium from nuclear industrial activities covers a wide range of 235 and from two major tributaries to the Columbia. We also analyzed groundwater samplesfromtheHanford300Area,onesourceofUtotheColumbiaRiver.TheU isotopic data are used to characterize and quantify the anthropogenic uranium in thesamplesandtoestimatethedischargerateof300AreaUtotheColumbiaRiver.
In addition, the isotopic characterization of U provides a means to trace 300 Area sourced uranium downstream and constrain its geochemical behavior.
Sampling and Analytical Methods
We analyzed samples from traverses across the Columbia at three locations ( Figure   1 Figure   4 ). For comparison we analyzed samples of the Yakima River just upstream of its confluence with the Columbia River ( Figure 1 ) and of the Snake River just above its confluence (Figure 4) . To characterize the 300 Area U plume we analyzed four spatially distributed samples (from groundwater monitoring wells and riverbank seeps/springs) representing U contaminated groundwater (Figure 2 ). The sampling traverses across the Columbia River were conducted on Sept. 9, 2003 (fall 2003) and March 30, 2004 March 30, (spring 2004 as part of normal Hanford monitoring.
All groundwater and river water samples were filtered to 0.45 micron. The U was separated using TRU resin (Eichrom Ind.s Inc.) and analyzed for U isotopes using a multi-collector ICP-source mass spectrometer (MC-ICPMS IsoProbe) at Lawrence
Berkeley National Laboratory (LBNL) (16, 17) . For details see Supporting Information.
Results
The results of the U isotopic analyses, along with U concentrations and other sample information are provided in Table S1 in the Supporting Information. The samples from the upstream traverse near Vernita Bridge (traverse #1 Figure 1 ) have 236 U/ 238 U < 2x10 -8 (Figure 3) , and normal 235 U/ 238 U consistent with natural sources of U and minimal contributions from eroded and mobilized fallout-derived 236 U (see Supporting
Information for further discussion of fallout). Across the traverse, measured 234 U/ 238 U is uniform at 70.60(±0.12) x10 -6 , and U concentrations average 0.43 µg/L (Figure 3 ). This traverse provides baseline U isotopic compositions and U concentrations for this study.
The sample traverse just downstream of the 300 Area is divided by an island (traverse #2, Figures 1 and 2 ). For the fall 2003 traverse (Figure 3) Figure 5B ). This array suggests the groundwater U plume represents mixing between vadose sources contaminated with irradiated enriched-U fuels, and either vadose sources contaminated with irradiated natural-U fuels or, alternatively, (Table S1 ). The highest percentages of 300 Area U contribution occurred in the west channel, consistent with upstream groundwater discharge through the riverbed between the 300 Area shore and the island on the east. Samples from shallow aquifer sampling tubes along the 300 Area shore reveal high U concentrations (at places to over 200 µg/L) beneath the near shore Columbia riverbed (9) .
U Discharge Rates from the 300 Area to the Columbia River
The above observations can be used with data for the flow of the Columbia River to estimate values for the discharge rate of contaminant U from the 300 Area to the Columbia River. Using Eq. 1, and the values in 2) , and that about 2/3 of the river flow is to the west of the island (Fig. 3) . We estimate the uncertainty in the calculated 300 Area U discharge rates using Eq. 1 to be on the order of 30%.
The difference between the fall 2003 and spring 2004 calculated discharge rates (2.2 g/min vs 0.34 g/min, respectively) might be attributable to the river stage history just prior to those sampling campaigns. In the case of the 9/9/03 traverse, river stage had been generally falling since the seasonal peak about 2.5 months previous to that sampling on Sept. 9 th and was just beginning a period of relative low river stage. This would then likely have resulted in relatively high groundwater head and so high discharge from the 300 Area to the river (19). In contrast, at the time of the spring 2004 traverse, river stage had been at a relative low, and consistently so, for at least 20 days prior to sampling sufficiently long to significantly reduce groundwater head and so discharge. None of the sampling occurred during periods of high river stage when the minimum U discharge rate to the Columbia River would be expected (19). Therefore the calculated values can not be simply extrapolated to a yearly discharge value. (<day) snapshots of the U discharge rate. Using Eq. 2 and data in Table 1 , the calculated 300 Area U discharge rates based on the successive 10/14/04 sites in downriver order are the added U, about 0.8%. However, these estimates provide insight into the effectiveness of the past remediation strategy for 300 Area groundwater, and emphasize the need to understand the processes of U exchange between the aquifer, aquifer sediments and vadose zone sediments, and their interaction with dynamic river stage.
The total mass of U contained in the 300 Area groundwater plume (defined by U concentrations above 10 µg/L) has been typically estimated to be around 100 kg (9) . At a discharge rate of between ~24 kg/yr to ~200 kg/yr, it would take from 4 years to less than 1 year to flush the U plume to the river, therefore the plume must be continuously replenished by U mass transfer processes from the vadose zone/aquifer sediments to groundwater (11) . Since the mass of U in the 300 Area plume has changed little (9), the rate of U transfer must approximately balance the U discharge rate to the Columbia River. By better constraining the total net discharge rate of U from the 300 Area to the Columbia River, better constraints on the bulk kinetics of the transfer of U at the scale of the 300 Area can be achieved.
This paper demonstrates that U isotopic measurements of Columbia River water samples can trace the contribution of U from the 300 Area, and provide estimates of its discharge rate and fate and transport in the Columbia River. However, there are not presently sufficient data to fully characterize how seasonal and shorter term river stage variations relate to U discharge from the 300 Area plume, and hence it is difficult to arrive at a well-constrained estimate of average annual discharge. River sampling does not require the assumptions needed for extrapolating point measurements in the hyporheic zone to total flux or the assumptions regarding vadose zone source concentrations and flux built into the groundwater transport modeling. Our data indicate that there is minimal loss or exchange of dissolved U from the river to the sediments.
The necessary data to better estimate the discharge could be achieved with high precision 
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Analytical Methods
All groundwater and river water samples were filtered to 0.45 microns. All sample evaporation and chemical separation procedures described below were conducted in a Class 10 ULPA filtered laminar flow fume hood situated in a class 1000 clean room. All acids (HCl, HF, HCLO 4 , and HNO 3 ) used were high-purity "Baseline" grade from Seastar Chemicals Inc., and water for acid-dilution was 18.2 MΩcm produced by a Millipore Inc. Milli-Q system. A portion of the samples (100 ml for river samples [except for Portland 11/18/04 and SR-1, which were 250 ml and 200 ml respectively], and <2ml
for the 300 Area groundwater samples) were evaporated down in Teflon jars and/or vials, taken up in 2 ml 8N HNO 3 , and dried down again. The samples were then taken up again in ~300 µl (Boulyga et al. 2006) . The uncertainty of the reported corrected 236 U/ 238 U of the samples includes the measurement uncertainty, the reproducibility of the Daly/Faraday gain, the uncertainty in the fractionation correction and the uncertainty in the apparent 236 U/ 238 U of the natural U standard. Uranium concentrations were determined by comparison to the above secular equilibrium natural
U standard of known concentration used for isotopic reference (see Christensen et al. 2004 , Christensen et al. 2007 ).
We have no mass scans available from the time when nearly all the samples in this paper were analyzed. However, we present here (Figures S1A and S1B) scans from two samples (Vancouver (11/18/04) and Snake River) that were analyzed for revision of the paper. At that time abundance sensitivity was worse (~8x) than for the earlier analyses (the rest of the samples presented in the paper were analyzed under conditions where the abundance sensitivity was ~100 ppb) due to degraded flight tube pressure. We also present mass scans for a blank solution ( Figure S1D ) and for the natural U secular equilibrium standard described above ( Figure S1C ) used for data correction. Figure S1D for the blank solution (0.3 M HNO3) shows the background at mass 236 (about 10 cps), and shows the base of the peak at mass 237 due to 197 Au 40 Ar+ (gold argide) (at the scale of Figure S1A , the top of the 237 peak can be seen). Figure S1C shows the combined effects of tailing down from the 238 U ion beam, tailing up from the 235 U ion beam, background at mass 236, and 235 U 1 H + for the natural U secular equilibrium standard, showing a small peak at mass 236. As described above, measurement and correction of this peak is used to correct the measured mass 236 of sample unknowns to provide corrected 236 U/ 238 U ratios. Figure S1B shows the mass scan for the sample of the Snake River with 236 U/ 238 U < 2x10 -8 (actual corrected value is 7.2(±9.8)x10 -9 , not quite distinguishable from zero). Figure S1A is a mass scan for the Columbia River sample collected at Vancouver, WA on 11/18/04 which has a corrected 236 U/ 238 U of 3.3(±0.3)x10 -7 . The uncertainty in this value of 9% is several times larger than for the samples with comparable 236 U/ 238 U analyzed earlier, due to the degraded abundance sensitivity. However, even under these conditions, a lower cutoff of 2x10 -8 is still reasonable (though certainly less conservative than before). In Table S1 , the corrected 236 U/ 238 U (along with 2s uncertainties) of samples where that ratio is <2x10 -8 are reported, but are only used in the discussion of fallout 236 U provided below.
Down river fate of 300 Area U
The systematic decrease in 236 U/ 238 U of the Oct. 2004 down-river samples with distance from the Hanford Site 300 Area (Figure 4 ) provides some constraints on the
geochemical fate of U within the Columbia River. Figure S3 plots (Table S2) .
If this is due to U loss, to support this differential drop in 238 U and 236 U discharge rates (assuming no significant change in 300 Area discharge rate, see below) would suggest that the average water entering the Columbia river between McNary and Bonneville dams (e.g. from tributaries or groundwater) at that time had a dissolved U concentration of between ~6-7.5 µg/L. At the moment there is no evidence for such high U concentrations in the average input to the Columbia along this stretch of the river, and it would have to be a fairly uniform input with distance, since site-to-site differences are consistent.
A third possibility is that suspended sediment provides an exchangeable U reservoir for dissolved U in the river. Assuming 0.6 µg/g (ppm) exchangeable U associated with suspended particulates (Davis et al. 2004 , value for the <63 micron fraction of Naturita sediment), a mass fraction of suspended sediment of 8.7x10 -5 g sed/g H 2 0 (Johnson et al. 2005 , including a sedimentation rate of ~1cm/year), and 0.5 µg/L of dissolved U, suggests an exchangeable pool that is ~10% of the total dissolved U. This is not sufficient to explain the 62% drop in 236 U/ 238 U seen between Sharp's Corner and Rooster
Rock samples collected 10/14/04. Also a simple exchange mechanism would not explain the drop in U concentration down river (associated with the drop in the 238 U discharge rate).
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The simplest explanation is that the 300 Area source term is not constant and that the Though the U concentration of the uncontaminated aquifer is at least about 3 ppb, the length of the Hanford Reach (~80 km x2 to account for both banks) compared to the length (<2 km) of the 300 Area shore would tend to compensate for this. (Table   S1 ) provides several constraints on the relative importance of such a contribution compared to U inputs from the Hanford 300 Area. The first constraint comes from the analyses of background river samples not likely to be affected by Hanford 300 Area U contributions. These include samples from the Columbia River at the Vernita Bridge (below Priest Rapids Dam, but up-river from Hanford operations), the Yakima River, the Snake River, two irrigation return canals, and (possibly) Columbia River samples from the east side of the river. All these samples have 236 U/ 238 U < 2x10 -8 (Table S1) , and by traverses, suggesting that they share a common 300 Area source (see Figure 5 ). Though the lower Columbia samples overlap at the 2s level shown (Figure 6) Figure S1 . Mass scans taken during the analysis session for the (A) Vancouver, WA and (B) Snake River samples, but are not representative of the conditions during the analysis of all the other samples presented in Table S1 when abundance sensitivity was ~8 times better due to better flight tube pressure. Also shown are mass scans for the natural U secular equilibrium standard (C), and a blank solution (D). S-14 Figure S4 . Time series of U concentration of filtered Columbia River samples. Shown are USGS data for samples collected at Beaver Is. (see Figure 3) and Warrendale, and U concentrations for filtered Columbia River samples from this paper (Table S1 ). USGS data obtained online from: http://nwis.waterdata.usgs.gov/or/nwis/qwdata [U] at Beaver Is., .+ Table S1 , continued. 
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